Abstract. Long-distance collimation of fast electron beams generated by laser-metallic-wire targets has been observed in recent experiments, while the mechanism behind this phenomenon remains unclear. In this work, we investigate in detail the laser-wire interaction processes with a simplified model and Classical Trajectory Monte Carlo simulations, and demonstrate the significance of the self magnetic fields of the beams in the long-distance collimation. Good agreements of simulated image plate patterns with various experiments and detailed analysis of electron trajectories show that the self magnetic fields provide restoring force that is critical for the beam collimation. By studying the wire-length dependence of beam divergence in certain experiments, we clarify that the role of the metallic wire is to balance the space-charge effect and thus maintain the collimation.
Introduction
Energetic electron beams generated by ultra-intense laser pulses incident on solid-density targets have inspired wide interests in recent high-energy-density physics, due to their potential applications in table-top accelerators [1] , advanced diagnostics [2] and fast ignition scheme for inertial confinement fusion [3, 4] . In order to fulfill these applications, it is critical to not only generate but also control such beams appropriately, such as collimating and guiding them over certain distances. Extensive researches have been carried out to generate collimated fast electron beams in laserplasma interaction experiments. Collimated electron emission has been observed from/at the surface of a planar target over sub-millimeter distances [5, 6, 7, 8, 9, 10] . Hollowcone and fibre-like devices [11, 12, 13, 14] have been designed to guide and collimate electron beams over distances of a few centimeters. Recently, spectacular advances have been made in long-distance collimation and guidance of electron beams by using a metallic wire as a guiding device [15, 16] . A significant number of fast electrons can be transported along the metallic wire over distances of tens of centimeters and even up to one meter, without a change in beam size. Such a metallic-wire device could provide an efficient means of energy transportation from an intense broad-energy electron source, such as a relativistic laser plasma.
Despite the experimental development of collimated electron beam generation, the mechanism underlying such long-distance collimation is still unclear. In models based on transient electric fields around wire targets, an extra, long-lived electric field is artificially introduced in order to interpret the observed collimation [15, 16] , but its origin is not explained clearly. On the other hand, the role of magnetic fields under such circumstances has long been ignored. However, it is well known that self magnetic fields could provide an important mechanism for fast-electronbeam collimation in other contexts. Both experimental [10, 6, 7, 8] and theoretical [17, 18] researches have demonstrated the essential role of self magnetic fields on electron collimation in laser-solid-target interaction over short distances (e.g. tens of micrometers to several centimeters). In the context of dense magnetized plasmas [19, 20] and astrophysical jets [21, 22, 23, 24] , the collimating effect of self magnetic fields has also been verified over much longer distances (e.g. from tens of centimeters to several kilometers). Therefore, it is a natural question that how important the self magnetic fields could be in the long-distance electron collimation during laser-wire interaction processes. In this letter, we will investigate the significance of self magnetic field generated by electron beams and provide a new explanation to the mechanism of long-distance beam collimation in laser-metallic-wire interactions.
Theoretical model
In the experiments where a metallic wire target being irradiated by an intense laser pulse, fast electron emission has been observed, as well as transient electric and magnetic fields. Because of electron emission, the metallic wire is positively charged and generates a strong, transient radial electric field. According to previous studies [25] , this electric field can be approximated by the following form:
where cylindrical coordinates (r, θ, z) are adopted and e r is the unit vector in the radial direction. E 0 is the magnitude of the electric field on the wire surface, r 0 the radius of the wire, and τ E is the relaxation time of the field. The field is assumed to be of importance only in the vicinity of the wire, i.e. 0 < z < L where L is the wire length. Outside this range the field is assumed to be zero. Under the effect of this attractive electric field, some of the emitted electrons either fall back into the wire or move helically along it, leading to a decrease in the electron beam divergence. However, such decrease in beam divergence due to only the electric field is not large enough to interpret the observed collimation, and that is why an extra long-lived electric field is artificially introduced in previous work [15] . The magnetic fields generated in the process of lasermetallic-wire interaction mainly have two origins, i.e. the magnetic field generated by the return current and the self magnetic field of the electron beam. The existence of the return current has been demonstrated experimentally and theoretically [11, 26, 27, 28, 25] . The magnetic field generated by this return current tends to divert electrons away from target surface, but generally can be balanced by the electric field. Moreover, the duration of return current so far has been proved to be no more than a few picoseconds, before it is dissipated in various ways. During such short time the fast electrons can only transport over a distance of less than one centimeter. Therefore, in the most time of long-distance transport, the effect of magnetic field due to return current can be neglected.
On the other hand, the self magnetic field of the electron beam could have significant influence on the motion of fast electrons, due to its much longer duration. It is wellknown that fast-moving charged particle beams can generate considerable toroidal magnetic fields around them. The magnitude of this magnetic field can simply be estimated by Biot-Savart law. Assuming in a period of time τ I there are N electrons passing through, the corresponding current intensity I = N e/τ I , where e = 1.6 × 10
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C is the unit charge. The magnetic field strength B(r) = µ 0 I/2πr = µ 0 N e/2πτ I r, where µ 0 is the vacuum permeability and r is the radial distance between the observation point and the current. Similar to the electric field, this magnetic field is also transient. Quinn et al. have studied these transient fields in the process of laser-metallic-wire interaction and observed that the typical variation time of the magnetic field is about tens of picoseconds [25] . Referring to their results, we assume that the magnetic field can be approximated by the following form:
where e θ is the unit vector along the angular direction. B 0 = µ 0 I/2πr 0 is the magnetic field strength at the surface of the wire, and the minus sign indicates that the field points to the opposite direction of e θ . τ B is the relaxation time of the field. In the following, we will investigate the significance of such a magnetic field in long-distance collimation of fast electron beams.
Numerical results
We carry out Classical Trajectory Monte Carlo (CTMC) simulations of electron trajectories under the influence of both the electric and self magnetic fields. The basic idea of our simulation is to solve the classical, relativistic equation of motion of fast electrons which has the following form:
where p and v are electron momentum and velocity. The electric and self magnetic fields have the forms identical to Eq. (1) and (2), respectively. A fourth-order RungeKutta method is used to solve Eq.(3). The initial condition of each electron is randomly sampled by Monte Carlo method. All the electrons are assumed to be emitted near the laser spot, either from the fixed laser-incident point (r 0 , 0, 0) on the surface of the wire, or from the circumstance of the wire at z = 0 and r = r 0 . The initial kinetic energy and angular distributions are both uniform, in the range of (E k,min , E k,max ) and on a half-sphere, respectively. When the electrons hit the imaging plates (IPs) at a distance of D from the electron source, their spatial positions in the xy-plane at z = D are recorded to simulate the observed IP images in experiments.
First of all, we study the importance of self magnetic field on electron beam collimation over a distance of tens of centimeters.We take the experiments carried out by Tokita, et al. [15] as examples. In those experiments, an intense femtosecond laser pulse with peak intensity over 10 18 W/cm 2 was incident onto the surface of a metallic wire target lying along the z-axis with a radius of r 0 = 150 µm. The emitted fast electron beams were collimated, moving along the wire target and were detected at a distance of D = 150 mm by IP stacks. The detailed experimental setup and results can be referred to in Ref. [15] . In the case under discussion, the magnitude of the transient electric field on the wire surface is E 0 = 7×10 8 V/m, with a relaxation time of τ E = 5 ps, and the total number of emitted electrons N is approximately 3 × 10 9 [15] . Since the duration of the laser pulse τ L = 150 fs and the relaxation time of the electric field τ E = 5 ps [15] , τ I must be of a value between them, i.e. τ L < τ I < τ E [29] . Therefore the typical magnetic field strength at the edge of the beam (r ∼ 1 mm) is roughly 0.02 − 0.7 T. In our calculations it is assumed that B 0 = 0.5 T and τ B = 50 ps. The initial position of each electron is fixed at the laser spot, i.e. (r 0 , 0, 0) in cylindrical coordinates. The initial range of electron kinetic energy is 50 − 1500 keV. The wire length L = 30 mm, and the electron positions are recorded at D = 150 mm where they hit the IP stacks. All these parameters are identical to those in the experiments [15] . In order to investigate how important the self magnetic field could be, we compare the IP images of the electron beam with and without B in Fig.1 . When the self magnetic field is ignored, the beam is only weakly collimated with a vertical divergence of about 200 mrad (as shown in Fig.1(a) ). Non-negligible discrepancy between numerical and experimental results implies that a single electric field could not provide enough restoring force to collimate fast electrons. However, once taking into account of the self magnetic field, the divergence of the beam is reduced significantly to less than 70 mrad, as shown in Fig.1(b) . We also notice that the horizontal positions of the electron beams on the IP stacks are different, i.e. approximately x = −18 mm in Fig.1(a) and x = 4 mm in Fig.1(b) . Differences in both beam size and position show that the self magnetic field plays an important role in the process.
To investigate in detail how electron motions are affected by the self magnetic field, we compare four typical electron trajectories with and without B in Fig.2 . The four different line styles represent four different initial conditions. The trajectories with only the electric field (see Fig.2(a) ) and with both electric and magnetic fields (see Fig.2(b) ) are projected onto the xz-plane. The short, horizontal grey bar is the wire target and the vertical orange bar represents the IP stacks. Without the self magnetic field (i.e. Fig.2(a) ), the distance between each electron and the wire target along the x-axis is greater than 15 mm at z = 150 mm. Some of these electrons (e.g. the dashed and dash-dot-dotted lines) diverge so strongly that their x-direction distances from the wire become larger than 30 mm before they reach at the detector, which means that they cannot even be recorded by the IP stacks. However, under the influence of the self magnetic field (i.e. Fig.2(b) ), the divergence of these same electrons reduces significantly and all their x-direction distances are less than 10 mm from the wire, enabling them to hit around the central part of the IP stacks. In panel (c) and (d) magnetic field the trajectories become helical curves. This change in electron trajectories indicates that the magnetic field provides additional restoring force to these electrons and bends their trajectories more strongly towards the wire. By changing trajectories of individual electrons, the self magnetic field affects both the size and position of the beam, resulting its long-distance collimation. Another important feature of such a metallic-wire guiding device observed experimentally is the wire-length dependence of electron beam collimation [15] . As the wire length L increases with other parameters kept unchanged, the beam divergence decreases significantly. In order to investigate this phenomenon, we carry out numerical calculations with different wire lengths, i.e. L = 2.5, 5, 10, 20 and 30 mm, with other parameters unchanged and also taking into account of the self magnetic fields. The simulated IP images (as shown in Fig.3 ) for all these wire lengths show clearly the ring-shaped pattern formed by the electrons. The size of the hole in the ring is nearly 60 mm in height for L = 2.5 mm, and gradually decreases to less than 10 mm in height as L increases to 30 mm. These results are in excellent agreement with those obtained in the experiments [15] . The mechanism behind this wire-length dependence of electron beam collimation is the balancing of space-charge effect by the metallic wire. After the beam leaves away from the wire but before it hits the IP stacks, the space-charge effect tends to diverge the electrons and destroy collimation. As the wire length increases, the duration of such space-charge effect decreases, leading to a higher degree of collimation. Therefore, the existence of the metallic wire balanced the space-charge effect and this is the reason for the observed wire-length dependence.
In order to further verify the role of self magnetic field in electron beam collimation, we investigate laser-wire interaction process over even longer distances, for example the experiments carried out by Nakajima, et al. [16] . In these experiments the wire target with a radius of r 0 = 5 µm is irradiated by an intense laser pulse with a peak intensity of about 10
19 W/cm 2 and a duration of τ L = 150 fs. The length of the wire varies from L = 150 to 1050 mm. A stronger transient radial electric field is generated due to the stronger laser intensity as well as the smaller wire radius. The typical magnitude of this electric field on the wire surface E 0 is estimated to be about 2.7 × 10 10 V/m, with a relaxation time τ E = 2 ps. The total beam charge is approximately 3 nC. The radius of the beam remains nearly unchanged for various wire lengths and is detected to be roughly 2 mm by IP stacks. Using the same simplified model mentioned above we estimate the typical self magnetic field strength at the edge of the beam is about 0.15 − 2 T. In our simulations we set B 0 = 0.15 T and τ B = 50 ps. The electrons are assumed to be emitted from the circumstance of the wire at z = 0 and r = r 0 . The initial angular distribution is uniform on a half-sphere, and the initial kinetic energy ranges from 50 to 1000 keV. The IP stacks are set at the end of the wire, recording electron positions in the xy-plane. In our calculations, three values of the wire length are used, i.e. L = 150, 400 and 1050 mm. The simulated IP images for all the three cases are presented in Fig.4 . All the beams are in good collimation with a radius of roughly 2 mm, which agrees well with the experimental results. Different from the previous experiments, the beam radius remains nearly unchanged even when the length of the wire prolonged from 150 to 1050 mm, showing no obvious dependence of collimation on the wire length. Since in these experiments, the IP stacks are set at the end of the wire, the electrons never leave far from the vicinity of the wire. Therefore, the metallic wire keeps balancing the space-charge effect and helps to maintain beam collimation. In other words, these two types of experiments clarify that the self magnetic field of the beam provides the mechanism to collimate the electrons while the metallic wire provides a means to sustain the collimation. 
Conclusions
In summary, we investigate the long-distance collimation of fast electron beams in laser-metallic-wire interaction process through a simple model as well as numerical simulations, and demonstrate the significance of the self magnetic field of the beam in this long-distance collimation. Based on a simplified model, self magnetic fields with strength of roughly 0.1 − 1 T are estimated to be generated according to experimental data. Numerical results of IP images of electron beams using Classical Trajectory Monte Carlo simulation agree well with various experimental configurations, indicating that the self magnetic field plays an important role in the divergence-free beam propagation. The relation between the beam collimation and the wire length is also analyzed, showing that the existence of the wire helps to maintain the beam collimation. Through our work the mechanism behind these long-distance beam collimation has been clarified.
